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PREFACE

A method 1s presented through which estimates may be made of the
effuct of an absorbing, emitting, end -cu::cging atmosphere upon rewota
sensing of surface ;reas having non-unifoY®w intensity. Results, presented
in terms of coatrasts and contrast transmittances, may be employed to
predict or correct remotely sensed visible or infrared images.
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NOMENCLATURE

Area

Ground level contrast

Contrast at altitude h

Contrast Transmittance .

Hemispherical emissive power

Black-body hemispherical emissive power

Sensor altitude

Intensity

Effective point-source intensity

Ground level intensity

Distance from sensor line-of-sight ground intercept to effective
point source

Altitude .

Scattering and absorption coefficient, respectively

Optical depth, based on scattering and absorption, respectively
Inclination of sensor line-of-sight with vertical

Rotaticnal angle locating effective point source (Figure 1)

NOMENCLATURE FOR APPENDIX I

Lower limits on integral

Upper limits on integral

Constants n matrix formulation (Equation [5))
Function of variables x, y, z o
Value of integral

- Trapezoidal approximation of I, using n; intervals

Numbir of intervals in approximate integration

n +

Volume of integration

ith weight function in approximate integration

Independent variables of integral

Values of x, y, z,respectively, at which derivatives are evaluated
(Equations fli .
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ATMOSPHERIC EFFECTS ON REMOTE SENSING OF
NON-UNIFORM TEMPERATURE SOURCES
FINAL REPORT

INTRODUCTION

This investigation considers the effects of atmospheric participation
upon the remote sensing of the eartls surface when that surface exhibits
a ground-level intensity %im varies from point to point. Th:s ground
level intensity may be produced by emission at the surface, reflection,
or both. Since the emitted erergy is dependent upon the surface temper-
ature, it is possible to infer the surface temperature by means of remote
measurements, when an estimate is made of atmospheric participation and
other effects, to be discussed. Of particular interest in this investigation
is the effect of "disturbing" emitting areas, not in the sensor line-of-
sight, but whose ener.y is scattered into the sensor line-of-sight,
producing an interfering signal at the sensor. It is the purpose of this
investigation to provide methods of predicting remotely sensed contrast
between two surface areas having unequal intensities, and compare that
contrast to the contrast at the ground between the two areas, giving a
Yeontrast transmittance". -Knowing the contrast transmittance, it is possible

to interpret remotely sensed visible or infrared images with respect to

resolutiocn, loss of detail, and other important aspects of pattern recogniticn.

If preliminary atmospheric measurements irdicate, for example, that an
unaceeptable loss of contrast wotld occur, a sensing run might be delayed

pending more favorable conditions.

CONTRIBUTTNG FACTORS TN REMOTE PATTERN SENSING
Several factors complicate remote pattem recognition. If it is

assumad that the upwelling radiant cnergy is due solely to the surface
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temperature, a larger change in energy received by the sensor will occur
per degree of change in temperature for a warm surface than for a cool
surface. Bastuscheck (Reference 1) has discussed this effect. The
radiant energy received from a highly reflecting surface area, however, is
not indicative of its témperature. For this reason, it is preferable

to think in terms of upwelling intensity or radiancy, with the under-
standing that this energy may result from emission, reflection, or both.
For the remote sensing of surface temperatures, ground-level correlations -
must be made between surface temperatre and total upwelling energy, taking
into account specific emissive and reflective properties of the surface.
Thus the significant surface characteristic for the purposes of this
investigation is taken to be upwelling intensity.

Of great importance is the wavelength or frequency interval in which
the sensing takes place. Not only does the rate of upwelling energy from
a given surface area vary greatly with wavelength, but scattering, emitting
and absorbing effects of the aitmosphere, which attenuate the signal from
the surface, vary dramatically with wavelength. In addition, the attenuating
effects of the atmosphere vary with location and time of vear. Anding
(Reference 2) and Chang (Reference 3) have performed detaileé studies of
atmospheric attenuation, and the 4-D atmospheric model of Chang is
incorporated into the final results of this investigation.

Also of great importance in this investigation is the gecmetry of the
sensor line-of-sight with respect to the vertical, and with respect to

"disturbing" emitters.
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SCATTERING ATMOSPHERE. RESULTS FOR A POINT SOURCE

This report is an extension of the investigation of Reference (4 ).
For continuity some of the results of that report will be included here. -
In the previous report the purely scattering behavior of the atmosphere
was studied with respect to a single "disturbing" point source of known
intensity Io’ erg/sec-m2-steradian-m, not lying in ~t;.he sensor line-of-sight.
The sensor is inclined at an angle 6 fram the vertical and an angle '@
with respect to a line from the line-of-sight ground intercept to the
point source (Figure 1). The point source lies a distance R from the
line-of-sight ground inter'cept. The vertical altitude is ‘h, kilometers, ard an
average scattering coefficient Bss l/kilom_eter, assumed constant, gives an

optical depth, based on vertical elevation, of B h. (Optical depth (dimensicnless)
h
based on scattering, 1y, is defined ac 1 s j; By dz, The final program in

Appendix II includes the effect of a variable scattering coefficient, as
a function of altitude z.) Scattering by the atmosphere is assumed to be
isotropic. Except for the point source, the surface is assumed to be
black and non-emitting. Letting I denote the intensity at the location.
and in the direction and sense of the sensor, a solution was found in
Reference (4) for I/I, as a function of the dimensionless variables

6, ¢5 R/h and B.h. The solutions presented in Reference (4 ), for optical
depths to .1 are reproduced in Figures (2) through (5). The program used
to compute the data plotted in these figures is included as part of the
final program, in Appendix II, in order that additional ;lata of this type
may be obtained if needed. Presented in dimensionless form, the results
are valid for any values of R, h, and Bs corresponding to the wavelength

interval under cunsideration.
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Although the small optical depths appearing in Figures (2) through (5)
are representative of the scattering behavior for a large range of cases
encountered in practice, it is necessary to extend the previous results to
larger optical depths in order to discern more general patterns of the
effect of the point source "disturbing" emitter. Accordingly, the data of
Figure (2) (8=0) was extended to larger optical depths and presented
in Figure (6). Some interesting results are noted, as follows:

(1) For small optical depths (<.1) the curves are relatively
flat, and I/I increases with increasing optical depth.
(2) With increased optical depth to around 1, the curves show
a quicker drop-off with R/h.
(3) As the optical depth -ontinues to increase beyond 1,
however, the maximum value of I/I, (at R/h=0) hegins to
decrease with increased 6ptical depth. Finally, as shown
in Figure (6), I/Ij vanishes for very large optical depths
as it did for very small optical depths.
(4) For larger values of R/h, the maximum value of I/I occurs
with smaller values of Bgh.
The value of Bsh for which i/Io attains its maximum value is of some
theoretical interest. No attempt was made in this investigation to
precisely determine this value; however, an order-of-magnitude estimate
indicated that for this vertical line-of-sight case the maximun would occur
for Bh<2. The existance of a value of Bch for which the influence of the
"disturbing" point is maximum is expected,and may be illustrated by the
following example: Consider as a .f‘sensor" a person standing on earth

Jooking upward, not at the sun, and regard the sun as the "disturbing"
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point source., If there were no atmosphere (i.e., very small optical depth)
no energy would be scattered into the "sensor" line of sight (i.e.;

I/io would be zero). Next consider a clear atmosphere. The optical

depth is moderate due to scattering, and the "sensor" receives considerable
visible radiation '(i.e. » I/1, is greater than zero).. Finally, as the sky
becames overcast, making 8h larger, a decrease in I/I o is noted, indicating

that the "peak" value hac heen passed.

SCATTERING ATMOSPHERE. RESULTS FOR FINITE AREAS

The versatilaty of application of the results obtained for the

point source is evident in the extension of the investigation to consider-
ation of "disturbiné" emitting areas of finite extent. Several emitting
areas are, for computational purposes, replaced by point sources, each
located within the boundary of an original area, and each point source
assigned an "effective” intensity Iesfs erg/sec-meter?-steradian-meter.
The effective intensity assigned to a point source is determined by the
requirement that the point source have the same total hemispherical
rate of energy emission in the same frequency interval as the original
area it replaces. For a diffuse emitter th(;. total hex'nispher'ical emissive power

e (energy rate per area per frequency interval, erg/sec-meter-meter)
is related to the intensity by the relation e = %I (Reference 5). Thus
the total rate of energy emission per frequency interval becones eA = nlA,
where A is the emitting area. The point source roplacemant ¢f the finite
area is made by assigning I ¢ the value obtained by normalizing the
"effective" emitting area to unity, maintaining the sam: hemispherical

emissive power, i.e., Ieff(l) = IO'A, whe.e I, is the intensity corresponding



to area A. This process will be exact as the size of the original emitting
area approaches zero (or more precisely as A/h? + 0). In tho computational
prooedufe, A approaches zero numerically by an integration tech:iique.
Figure (7) illustrates the method. A given area A is assumed ‘it- .iave “ON-
uniform intensity . A four-division approximate integrat.on of
the contribution due to emission from that ar:a is indicated in the
figure, in which each area segnent bA, is replaced by a point source having
an effective intensity I, 5r = 1144;, located within the boundary of the
corresponding area segment. Each point source is then treated by the
methods previously developed, noting that the point sources in generall
differ in their values of R/h and ¢ with reference to the sensor
iine—of-sight. The extension to - larger number of divisicns for areas
over which the intensity varies is clear. Numerical examples will be
presented in a later section illustrating the methods developed above.

The above discussion considers the influence of emitted energy from
points not at the sensor line-of-sight ground intercept. If, as is the usual
case, the ground intercept point (i.e., the "target" point) is emitting .
e.lergy, the sensor will receive energy directly from that poiat. This
signal will be affected by the atmosphere, and will be reduced in intensity

-1g/cos6 » known as the atmospheric "transmittance". In

by a fraction e
addition, the "target" itself may act in the role of a "distu:sbance",

since some of its energy emitted in a direction not along the line-of-sight
may be scattered into the sensor by the atmosphere. ‘This "disturbance" aspect
of the "target" may be treated as a special case of a "distur-ance" for

which R=0 in Figure (1).
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NUMERICAI, METHODS

A discussion of the numerical method employed to solve the integro-
differential equations governing the scattering prcblem was presented in
Reference (4). Some results pertaining to the numerical method itself will
now be pmsented.‘ Evaluation of the multiple integrals appearing in the
governing equations is quite time-comsuming on the digital computer.
Consequently, methods were sought which would evaluaic fixed-limit
multiple integrals while cptimizing accuracy and computatior time. In the
course of the investigation a very useful iterative method of multiple
integration was developed and employed to obtain some of the numerical
data. This method is presented in Appendix I. After development of the
method it was determined that th extreme accuracy it pmvided was not
necessary by canmparison with the number of significant figures carried
in the remainder of the computaticnal process, and therefore the iterative

method does not appear in the final program in Appendix II.

ABSORBINC/EMITTING ATMOSPHERE

The investigation has thus far dealt with a scattering etmosphere,
that is, one which neither absorbs nor emit.s radiant energy. Absorption
and emission by the atmosphere are of great importance in remote sencing,
and the governing equations for a non-scattering atmosphere are |
considerably simpler than those for scattering atmospheres. In such
an atmosphere, only those processe. of emission and absorpticn which occur
on the sensor line-of-sight need be considered, and thece is no centributicn
to erergy received by the sensor from any "disturbing” emitter not cn

the line-cf-sight.




For the non-scattering atmosphere, Reference (5) or (6) readily
gives the equation for the intensity reccived at the sensor lccation,

in the direction and sense of the line-of-sight as follows:

Ta
I-= Io e-Ta/C089+ E%. ey e-(ra-t)/cose dat s []]
0 cos$

where I, now represents the intensity at the ground level line-of-sight
intercept, ep denotes the black-body hemispherical emissive power'}?1 and
Tgrepresents the OP..l\..al depth based on absorption, i.e., 14 JrOB dz.
The symbol B, denotes the absorption coefficient, which may in general be
a function of altitude z. The symbols 6, z, and h have the same interpre-
tation as in Figure (1), and t denotes a dummy variable of integration.
The hemispherical black-body emissivé power e, ic a function of the
wavelength at which the intensity is coamputed and the absclute temperature
of the atmosphere. Reference (7) may be consulted for a theoretical
discussion of this :.action. In order to obtain the value of the intensity T
received by the sensor it is necessary to p'erform a numericsl integration
as indicated in the above equation, given IO; 0, h, and the variaticn cf
the absorption corfficient and temperature as functions of altitude. This
nurerical integration is performed as part of the final program in

Appendix II.

CONTRAST AND CONTRAST TRANSMI'TTANCE

Two of the most important aspects of .« te sensing of non-uniform

targets are contrast and contrast transmi*t.cice. Given a "target" and an
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adjacent” "background", denoted by t and b, respectively, the ccntrast at
ground level, based on intensity at a specified wavelength, is defined
to be

c(0) = I,€0)/Iy(0) , [2]
where the (0) deriotes intensities at ground level, .and the "target" may
be assumed, without loss of generality,to have the higher intensity. Let
It(h) and Ib‘(h) denote intensity at the sensor, at altitude h, when the
line-of-sight pasces at ground level through points t and b, respectively.
The contrast at altitude h is given by C(h) = I.(h)/I (h). In general
C(h) will be smaller than C(0) due to atmospheric participation,including
the effects of "disturbing" emitters on the surface. The reduction in
contrast is specified by the cor rast transmittance CT, definéd as
C(h)/C(0), and it is the contrast transmittance which measures the degree
of pattern recognition possible. Miller, et al, (Reference 8) have
presented some typical measured contrast transmittance values and discussed

additional aspects of multispectral sensors for ERTS A & B.

APPLICATION OF RESULTS TO REMOTE SENSING EXPERTMENTS

A review of ongoing and planned ERTS and SKYLAB capabilities and
programs (Refercnces 8, 9, and others) was made, with respect to potential
input from the results of this investigation. A number of conclusicns
and recamrendations result from this mview; Loss of contrast of a ground
signal may re-ult fram scattering, absorption/emission by the atmosphere,
or a combination of these effects. In some regions of the wavelength
spectrun one may be fairly certain that cne effect or the other dominates

the atmospheric attenuation (for example, attenuation in the visible

fry g N



range is almost entirely due to scattering). In general, hosever, it
cannot‘ be expected that the attenuation will be positively identifiable
as to mode. In this regard 'it may be noted that the development in this
investigation has assumed that the atmosphere is either purely scattering
or is totally non-scattering. This distinet separation was made to
streafnline the application of the results, in view of the practical
inability to identify in general the mode of attenuation. Several
important parameters can, however, be accurately measured or predicted.
The sophisticated 4~D atmospheric model of Chang (Reference 3) provides |
reliable temperature and other property profiles, as well as total
transmissivity. In addition, total transmissivity is conceptuvally simple
to measure experimentally (although it is in general not possible to
identify whether the attenuation is due to absorption, scattering, or
both). An experimental procedure for use in conjunction with a contrast
computational procedure might proceed as follows: Establish two
"calibrating" emitters on the ground, emitting radiapt energy of different
intensities in the same frequency range, and positioned in the proximity
of the areas between which it is desired to determine contrast by remote
sensing. These adjacent ér*ound emiiters would be remotely sensed, and
the transmissivity thereby determined, as the ratio of the difference
between the remotely sensed intensity when. viewing,in turn,the two
calibrating emitters to the difference betwee'n the known ground values

of intensity of the emitters. This would be valid for any combination of
scattering/absorbing/emitting attenuation, since the atmospheric emission

would subtract out due to the taking of a difference ratio. Knowing the

10




total transmissivity, the limits on the contrast between the two emitting
areas in question may be determined by (a) assuming the atmosphere

to be purely scattering and then (b) assuming the atmosphere to be
non-scattering. In both cases (a) and (b) the measured or estimated
transmissivity is used. Then the contrast and contrast transmittance
for a partially scattering’atmsphene may be shown to lie between the two
limits found in (a) and (b). If the predicted contrast transrittance
range is unacceptably low, considering the kncwn or estimated intensities
of "target", "background", and any "disturbing" emitters which may be

present, the collection of extensive data could be rescheduled.

COMPUTER PROGPAM

The digital camputer program, listed in Appendix 1I, accepts as
input data the geometry of the sensor line-of-sight with respect to cne
or more "disturbing" emitting axea§ wﬁose "effective" point source
:inténsities are also included as inputs. The "target" intensity is
also read in, as is the sensor altitude, and the temperaturc profile
canputed by the 4-D model of Reference 3. In addition, the program will
receive as an input scattering and absorption coefficients as functions
of altitude. The program c@utes the "band" in which the intensity at
the sensor location may be found, by assuming the atmosphere to be,
respectively, purely scattering and non-scattering. The scattering
coefficient is not necessarily constant with altitude as was the case with
the preliminary results shown in Figures (2) through (5). Nor is the
atsorption coefficient necéssarily constant with altitude.

If, as discussed in the preceeding section, scattering and absorption
cocfficients are not specified as functions of altitude, but, instead, the

total transmissivity is known, an average value of the scattenri-o on
i1

I
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absorption coefficient may be read into the computer program, the value being
determined from the known, transmissivity. Example calculations in the
folloving section illustrate the computational procedures.

The diagram in Figure 8 summarizes the inputs and outputs of the

computer program.

NUMERICAL EXAMPLE

The following example illustrates the use of the x;esults previously
obtained, to estimate the effect of atmospheric participation upon contrast
and contrast transmittance of upwelling radiant energy, in which the
surface distribution of intensity is non-uniform. Figure (9) illustrates
a typical situation of this type. It is desired to compute the contrast
between emitting areaad; (the "target") and areaAA; (the "background"), in
the presence of a participating atmosphere and a third "disturbing" emitter
8A3. Contrast is to be camputed befweén two adjacent points of areas AA)
and AA7 at the position shown as the sensor line-oi-sight ground intercept.

For simplicity of calculation each emitting area is replaced by a single

point source (rather than a number of point scurces as in Figure 7) having

an "effective" intensity based on the intensity of the area and the size of
the area. Three wavelengths are selected for computation, ane in the visible,
and the other two in well-known atmospheric "windows". For purposes of
camarison among the three wavelengths, the r;aspective intensities of the areas
are taken to be the same at all wavelengths considered. This, of course,
would not be the case if upwelling radiaticn were due solely to the area's
temperature; but, as discussed earlier, for reflecting areas the upwelling

radiation is not necessarily an indication of the surface temperature. The

12
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following table gives values used for all three wavelengths:

Average Distance

i BA; ym? I o,érg/.sec—mz—srbm Ljogg  From L.0.S. ground  intercept ,m.
1 "target" 2 .6 X 1014 12 X 10l 1
2 "background" 1 4 X 101 4 X 1014 .5

3 "disturbance" 5 ' 6 X 101 30 X 101% 5

(1) A= .5u
The total atmospheric transmittance at this wavelength mav be estimated

(Reference 10) to be 0.6. Assuming this to be the only information
available regarding atmospheric attenuation (i.e., assuming a detailed
correlation between altitude and scattering coefficient is not available
for input to the camputer program), an averaée scattering coefficient

Bg = 0144 is read into the program. This value of Bg is chosen to provide

an overall transmittance equal to 0.6, since

[+]
Transmittance = e~7s/€oS8 - e-Bsh/cose = e"01””X25/°°5u5 = 0.6

It is first assumed that the atmospheric attenuation is due sclely to
scattering. When viewing the target, the magnitude of intensity at the
sensor location is due to two contributing sources: First, the intersity
at .l.ie sensor is equal to that at thé target multiplied by the trensmitiance
factor of 0.6, which represents the effect of energy scattered from the
sensor line-of-sight by the atmosphere. Second, some energy is scattered

. into the sensor line-of-sight because of the "disturbing" emitting areas,
represented by effective point-source emitters. There are three such
"disturbing" emitters, counting the "target", 8A;, "background”, 8, and

the "disturbing" emitter AAj. Since R/h is very small for 1l three

13
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effective point sources, the computer program (Appendix II) gives
1/1g ¥ .0316 for each effective point source. (It may be noted that this
result cannot be obtained from Figure U4 because the optical depth of .36 is
not within the range of the data presented in that figure).
Letting II target denote the intensity corresponding to the sensor location

ari] orientation when viewing the target, the above-mentioned effects are-

cambined as follows:

_ =T/ COSH

= § X 1014g=-0L44*25/.7071 | 1406 [12 ¥4+ 30 ]101“

6 X 1014 X .6 + 1.4536 X 101*

5.0536 X 10!“ erg/sec-m?-sr-m
When viewing the adjacent background, the energy received due to “disturbing"

emitters is unchanged, but the direct radiation is now received from area

AAy. ‘Thus the intensity at the sensor, when viewing the background, is

- ~1g/cosé :
Tback = T20 © * “’Io)[Ileff * Toers * I3eff] (4]

4 X 101%X .6 + 1.4536 X 101

3.8536 X 101* erg/sec-m?-sr-m
The ground contrast is

- - - 14 14y =
c(o) = It(O)/Ib(O) = 110/120 = (6 X 101%)/(u X 10'*) = 1.5
The contrast at the sensor altitude of 25 kilometers is
= 1,3114

C(h) = I.(h)/I (h) = (5.0536 X 101%)/(¢3.8536 X 101%)
The contrast transmittance is

CT = C(h)/C(0) = 1.3114/1.5 = 87.4%

14



If the atmosphere is next assumed to have a transmittance of 0.6, but
be non-scattering, the campuler program evaluates intensities, contrasts,
and contrast transmittances -dccording to equation [1]. The results of: this

camputation reveal that the contrast is essentially unchanged, indicating
that the atmosphere does not emit appreciably at this wavelength. Thus

the contrast transmittance for a non-scattering atmosphere is approximately
100%.

The results are summarized as follows: at a wavelength of 0.5y, if
the total atmospheric transmittance is estimated (or measured using

calibrating emitters) to be 0.6, then the contrast transmittance for the

above-described intensities, areas, etc. lies in the "band", 87.4% < CT < 100%.

A= by

Chang (Reference 3) gives an atmospheric transmittance of .86981 for
this wavelength for Region 6 (January) for a cloudless, non-scattering
atmosphere. For the purpose of illustrating the computation of the contrast
transmittance "band", however, the atmospheric transmittance will be
assumed to be .86981 for a purely scattering atmosphere as well as for
a non-scattering atmosphere. If it is first assumed that the atmosphere
is purely scatterin;g, an a;ver'age Bg = .003%4 is read into the program
to produce the desiréd atmospheric tranémittance of .86981, as previously
described. The program gives I/I; = .0109 for the three "disturbing"
effective point sources. Using equations [3] and [4], the intensities

at the sensor when viewing, respectively, the target and the dbackgreund are

computed to be
= l". N ] 1"0
Iltarget 6 X 101% X .86981 + .0109 [12 +4 4301 X10
= 5,7214 X 10'* erg/sec-m2-sr-m,
- 14 ' a ] 14
Ilback h X 10°* X .86981 + .0109[12 + 4+ 301]'X10

3.9814 X 10'* erg/sec-m’-sr-m .
15
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The ground contrast remains at the value 1.5 for this example. The contrast

at the sensor altitude of 25 kilameters is
C(h) = I (h)/I(h) = (5.7214 X 101%)/(3.9814 X 101%) = 1.u37

The contrast transmittance is

CT = C(h)/C(0) = 1.437/1.5 = 95.8%

If, next, the atmospheric transmittance of .86981 is assumed to be
measured in & non-scattering atmosphere, the camputer program employs
equation [1] to evaluate the intensities at the sensor location. The

following results are obtained:
I ' = 6 X 201" X .86981 + .u9604 X 1011
target

I

back = 4 X 10" X .86981 + .ug60u X 1011

As in the previous case,it is cliear that the atmospheric emission (represented
by the second term in the above equations) does not greatly affect the
signal, so that the contrast transmittance is 100% for this case. The

contrast ‘transmittance "band" is thus 95.8% < CT < 100%.

A= 104

Reference 3 gives a transmissivity of .68 for this wavelength for
Region & (January) for a cloudless, non-écattering atmosphere. As in the
previous example, the transmissivity of .68 will be assumed to describe
both modes of attenuation, in order to illustrate the computation of a
contrast transmittance "band". As before, assuming a purely scattering

atmosphere, C(h) = 1.347, and CT = 89.8%. For a non-scattering atmosphere,

C(h) = 1.487, CT = 99.2, therefore 89.8% < CT < 99.2.

16
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CONCLUSIGHS

The scattering, emitting, and absorbing behavior of the atmosphere is
complex, and few generalizatjions are possible within the visible or infrared
spectral regions. Much effort has been devoted to development of atmospheric
models to describe this behavior. In this comection, Reference 3,
for example, has already been mentioned. The work of Threlkeld and Jordan
(Reference 16) discusses in detail atmospheric transmissivity on clear days.
Threlkeld and Jordan's results indicate that water vapor and dust scattering
are significant well into the infrared region. .If detailed atmospheric

models are available, they may be incorporated into the program in Appendix II

of this report. In many cases, however, local effects (for example, the

discharge from a smokestack, clouds, or unusual gas concentrations), may
require the use of calibrating emitters, as discussed in a previous section
¢ this report.

Regarding the selection of wavelength bands to employ for remote sensing,
again no firm generalizations can be made. Two aspects should be considered,
however. First, it is of course desirable to sense in a "window", where
transmissivity is high. Such windwws are well-known for standard atmospheres.
In addition, if is necessary to consider that the emissivity of the
atmosphere varies with wavelength, and thus will produce greater interference
with the desired signal at same wavelengths than at others. As a rough
estimate of the wavelength variation of the atmospheric emissivity, it is
useful to compute the wavelength at which the black-body emissive power
is greatest, corresponding to an average atmospheric temperature. It may
be shown (Reference 5) that AT = 5216 gives.the wavelength A, microns,
at vhich a black body having temperature T, °R, has the greatest emissive

pover. 17 :
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EXTRAPOLATION METHOD FOR MULTIDIMENSIONAL QUADRATURE

A matrix formulation of an extrapolation method for the evaluation
of multiple integrals, applicable to any order integral, is shown to
be concise and easily programned. ﬁomover, it is demonstrated to be
efficient from the standpoint of accuracy versus number of operations
performed. The method is limited in this investigation to the evaluation
of triple integrals with fixed limits, although it may easily be adapted
to integrals of higher or lower order. The trapezoidal rule is employed
as the fundamental quadrature, although the general multidimersional method
can be easily developed using a Simpson's or other rule. Additional
examples and analysis of extrapolative methods of this type may be found
in references (11) through (15).

Using the triple integral as the basis for the development of the
extrapolation method, we assume that .a numerical approximation is desired

for
b3 by by

I = ///f(x,y,z)dxdydz,

a3 a3 33

where f(x,y,2) is a continuous function of the variables %, y and 2 in a

volume V, and where the numbers a,

limits, respectively, on %, y, and 2z in V.

> 85y 3y b ’ bz, bs, are lower and upper

Using the trapezoidal rule, the approxima.ion to the single integral

is written as follows:

19
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8y < & < bl, 0]

whcre w; are the trepezoidal weight ‘unctions, n is the number of intervals,
ard N = n + 1. In this equatiorn: «:.i the equations to follow, existance of
derivatives to the required z;v.» in V is assumed. Formally applying this
trapezoidal rule to a doul..: isitegral, it follows that an appmximatién

to the double integral may Le written as follows:

b, b b

1 N b 2
2 (bl-al)3 32f|
IZ(Z) z £x,y,2z)dxdy =Z w, | £f(x.,y,2z)dy - . dy (2]
ik 3 12 n? ax2|
al .az . 2 E)Yﬁz

Similarly, formal application of the rule to a triple integra. yields
b b by

az aj ay ay a, ag &, £,v,2
Next, substitutions of the single integral expressicn are mac: from
equation (1) iﬁto equation (2), and éxpressions for the double intefrals
appearing in equation (3) are f'eplaced by using equation (2). After some
manipulation of the expression resulting from this multiple substitution,

the folloving relation is obtained:

b3 b, by by by

N X N (b,-a.)3 2¢
dyd Z w.w.w fx. 7)-—-3-—2- 3t didy
£z, z)dxdydz = Zl Z N A R 12 n? 3z

]=1 k=1

N. ‘b3 by
(bl-al)
f(x,y,2z)dxdydz = "i £ (x;,y,2)dydz - —|dydz [3.
i=] 12 n? 3x2

[
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*!WBWW RTINS 7 R G SR T A 3 =

b2 3 ) P
(byag)y-a P ) 42 (bymag) by )" 32 32

(12)2 n" ox? 3z (12)2 n" ay? 322

32' Esys6 | , X,a,f

b3 b

3 y3(b. -a. )3 .

(by-a,)3(b,-a,) (b -a;) 22 32 32, (b,-a, aZf ez
(12)3 nt ax? ay? 322 T 12 n2

Xya,2

£ya,B 83 a.l
b . b b2 b
3 - 3 - 3 ) a <ac<
(bz"’g) (bl al) é_ iz_f dz - Ezli / Eﬁ dydz, ‘ ‘ 2
(12)2 n* ax?2 ay? :12 n? j ax? aj < b < by
aa C’u,z a3 a2 E’y’z

The first term on the right of equation (4) represents & trapezoidal
rule quadrature of the triple intezral, where the nuwber of intervals n is
the same for the three axes. To derive an extrapolation forrula, it
is assumed that four separate quadratures are performed, using four
different number of intervals n, viz., nj, Ny, N3, ny. The symbol
I, will denote the standard trapezoidal approximation for the ith quadrature,
us;ng n = ny intervals. It is next assumed that the terms multiplving

3;2. iu and ;];5 in equation (4) do not change as n is varied through n1» N2»

etc. With this assumption, the four different quadratures miy be written

as follows:

21

P ————

-[4



C C C
I + _‘1 + 2 + ._.3 = I
n? x:ﬁ 6 n
1 1 N
.C: C C
1 2 3 -
2 h 6 n
n2 n2 n2 2 [5]
C .
I + & + 2 + 3 = b g
n? nt 1—16 ng
3 3 3
C C C
I + i ! 4+ 2 + 3 = I
n2 nu m6 “u
'} y y

where Cy, Cp, C3 denote constants.

These equations may be written in matrix form as follows:

R r

1 L Lol I,
nl n._L ny 1
1 1 1

1 L 2. = I
5 & 6 G n
g M M { } = i -2& , 6]
1 1 1

= S i ny
3 3 3

: 1 1 1

1 L L L c I
nﬁ n:: nﬁ k 3J k nlﬂ

Solution of these linear ecuations will yield I, within the limits of
the validity of assuning that C;, C, and C; remain constant as n is
varied, It is observed that the relevant equations for a single and

t double-integral extrapolation formula may also be obtained from equation (€).

et e = manm v rm—. e ————— g
i



For example, equation (6) produces the single~integral extrapolation
formula if C, and C5 are replaced by zeros. Thus if I is interpreted
* to be the extrapolated approximation of a.single integral, its value

is obtained from the solution of

1 ) (
1 4 I I

nl 1

' _ kf = 3 )
1 L C I

nz lJ \ n2

a redundant set of equations involving In3 and Inu being disregarded.
This is recognized as the Romberg extrapolation formula. The extension
of the method to higher-dimensional integrals is also evident from the
form of equation (6), in which the extrapolation formula for a'n mth
dimensional integral is obtained by replacing Cot1® Gpeo - + ¢ by zeros.

Numerical results of this method 'applied to a triple integral will
now be presented. It may first be noted that, except for round-off error,
this extrapolation method is exact for monomials of the form xaybzc vhere
a, b, and ¢ are < 2, regardless of the choice of Ny, Ny, N3y ny. The '
method was employed to approximate the integral ‘

2 2

&*Y*2 qxdyaz

which has the exact value. 260.802. (This value and the following data
are rounded off in the 6th significant figure). The following table

presents the results of the computation:
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n Trapezoidal Quadrature Extrapolated Value (nl, Nos Ngs )
y 277.373 260.802 (4, 6, 8, 10).

8 264.89Y 260.802 (12, 16, 20, 24)

10 263.416

12 262.616

16 261.821

20 261,454

24 26).255

It is clear that in this case the extrapolation method is desirable.
The accuracy of the standard trapezoidal quadrature degenerated due to
round-off error, as n was increased, before the accuracy of the extrapolation

method was approached.
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DAIMENSION WI35),QUB426),TAL2T),TS(2T),2(27)
C A=CCS(THETA) . F=ALTI "UDEy KM,
C XIT=TARGLT INTENSITY A, GROUNB, FRG/SECTME*2%#SRAM
QL XIR=HACKGRCUILD IATENSITY AT OGRCUNC, ERGZSSCHMH#2%GR®RM
C NS=HUMRER OF CISTURLING EXITIERS
C B=ANGLE PHE LGCATENG INREPTYTH NISTURMING EMITTER:
-C - RD=0ISTALCE OF TRCPT'TH DISTURBING FMITTER FROM TARGET
-G XIDIS-EFFECTIVE lNTLNSlTY CF. IREPT'IH DISTURRING FF‘IT(’%_.,:::.—
—ier K INT=0. 0 - e — "'EP\G/SCC*M*VZ*SR*N
v CALL _FOURDLGQ) : . . e e ——
=26
READ(1,11}4, H.XlT"(lb NS
s = 1. FORMAT{2F10.6,2E15.6,12) e e et e Y o e -
e == CALL OPDEP{H,NCA, CSoQ TA,TS, l) .
——00.8 1= Z.N e e e e+ et e v -
—— == — ——
FCN=EL(Q ) ¥ Xl’(“(r"'Tﬁ( JYi/7a)/A
XINT=XINT+FCL®{TA(TL)-TA(J))
. ——B_ CONTINUE . .. e e e et s —— S —
ce e .~DHIT XINT/ 3. 14159 ettt s st et 18« s b e e o S s s ot sores
e XTABST=XIT/EXP(CA/A) *DINT P N SR
e KIABSB=XTB/ZEXPICA/AL SO INT . —_— —
DELTA=0.01 -
PI=3,14159
e RTA=SORT U = AR 2 0 L e
—— e SCAT=0. 0 e e s
e —E=0.0001 . ... ____.
READ(1,35)R,R0,XIDIS
35 FORMAT(2F1N46,E15.0)
P 0 1] RD/H e e et e i & s e es o it e ven e ammeane e e mee —e e o e
________ [)PHl 2 *3. 1415)/)(\' o e s — - -
OXMU=(1o=DELTA)/ XN '
£O 100 [t=24M,2
- e . JE= [[ 1 e e ien e i e e e e e e e e -
: N-_._.M..._.CUNI E/A\“*Z 0+0% *2 OIL 2 Q*D*RTA*CUS“})/A
! S M1 A P A U
CON3=2,0%E*RTA
CTE=TS(JE)

—_——— e K)o e

3
; e KMUSDELTA L
: rems 6. PHIZ0.0 e e et e« e
RTXMU=SCRT (L =XMUssy 0) —_ S
VAR3=F/{ XMU*$2.0)
VARK=2,0%[¥RTXMY
z SO VARTECONI®RTXNU - oo i il i bttt e e e e
L - R N 5!
- & VARL=YARG¥COS(PHI)/XMU L e s e et e o
e VARGSYARTSCOSUR=PHINZCASNRUY T T T
VARG =(UN2=VAR4
1=2
2 J=1-1
VAR2=14=2 () /(HEE)
IFICTE=TS(J)150,50,52 .
50 .VARL=VARG*CUSEPHIN/XMU o L i s eom s e o
VARS=CON2 +VARSG
52 COUTINUF
TLRM2=E¥ (CONL-VAR2¢ (VARL=VARI®VAR2+VARS) )

25




- j%w ’ po——- 0 U

R=TS(J)*H*SOQT(TPRMZ)/Z(J)
XAR=4RS{TTLE-TS(J)) .
TLST=R+XAR/XMU
IF(TFST.CT.15.0)6G TC 75

CFCN=1 Q7 (CEXP{RAXAB/ XiIFU ) R XMU)

- EIR Y| .

LIFCLLEQLNIM=N : s e s e+ 2o o 2 s e e

e XlﬂT XINY+D X U*DPHI*(IS(W) IJ(J))*FCN

75 COMTINUE
[=1+2 ) .
e - IFUI=N)242,3.. . __ - — —
V3L dd=d0¢+1 S A R
e PHY=PHISDPHL . o
e IF(JI=M by : _ _
5 K=K+1 . : . .
XMU= XML+ DXMU
e TEUK=NY B80T e e L
LDECONTINUE e e e v o

O X1EX=XINT. ..

.___W_TARMI ((RTA‘CUS(P)/A 0/[)*{RTA*COS(B)IA B/E)+(R[A*Sl\(E)IA)**Z+l__“
1.0)%%0,9
G=1oQ/(EXP(CTERTERMIII+XICX/ (4. 0%P1) ’

s .ARG G/(A EXPLICS-CTE)/A) > %P L) o . -
IF(IE.LC.N)lr—lr . esveee s o v e e+ 5 v e s R e o s 1 s < s v s ren + srve e
...... XXX=XXX+ARSG¥ lTS(IT)-TS(JE)) : :
IF(J*‘_ 1 )53. P 56
55 F=E+.,083233313
cee .. -.GO TO »7 . e e e e
36 E=E+.,083333333..

C et s et deaa b s se + e e———sen e - —

e DT LCCNYINUE Lo
100 _CONTINUE -
SCAT=SCAT+XXASXICIS
49 CONTIUE
o XISCAT=XIT/EXPICS/A) #SCAT . R e

. XISCAB=XI3/EAP(CS/A)+SCAT
e DGON=XI T/ XD
HCONS= X(QCAT/XISCAH
HCONA=XTARST/XIARSA ) :
CTRANS=HCONS/5CON ' -
CTRANA=HCUNA/GCGN )

401 FURMAT(6OXy Y INTENSITY*,//)

402 FORMAT(8X,'NON SCATTERING ATNOSPHERC'.T85.'SCATTEthG ATMCSPHERE'
—y )

403 FﬂRVAT(Tli.'TARGET',TéZ,'RACKGROUKD'.TSS"TARGET'.TQQ.'BACKGROUNO‘
1¢/77) :
404 FCRMAT(61X, 'CONTRAST,//) .

405 FORMAT (544K, *CONTRAST TRA”SM[TTANCE'./I) S~ -
~WRITE(3,401) . . U ——
~_A___.—Jr.r{ll’E(fSo’o(.)ZL.....

WRITEL3,403)
WRITE(1,406)XIABST X [APSR,XISCAT,XISCAR
L MRITE(3W604) L e - e e e ere e« ———————— 1 a—
-KRITE(3,402) m““w.m“WHZWMHWWWMWWWNHMHMWM .............
wew ~WRITE(3,407)HCONA, HCUNS i e s e s s e o et e & 18 e e e o A SRS ST 3 e
e RRITEC30405) o e e h o e e

WRITE(3,402)
WITE(3,40T)CTRANA, CTRANS
405 FORMATIYG ELS5.69T414E1545.T81, bl).b.TQT'EIS.b'II) .
407 FURMAT(T254EL15.06,TH99E15.6//7) - e e e S
CALL EXIT e . . . e -

_"“-”_END_,,NN-“____-_u-_m__um_“_ﬁ-ﬁww_"__"._.n-_-““__-_““-ﬂn -
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LI

L CS=TS(269 ...
ReTuRy

SURROUTINE QPUEP(HN,CAyCSyDyTA,TS,7)
CIMENSION ND(6426),TAL2T),TS(2T),2(2T7)

CZ=H/(N=-1)

~2(1)=0.0 e

TA{l1)=0.,0
T5(1)=0.0

. PO 99. =28 . . _ ... .. . e .. o .

o d=1=1 e e e e+t e e+ st <+t et e st s et et ot e emiee . ,
""l(l)-7(J)+nl . e et e e e et st et e e
CTACIY=TA(J)+RETAN(Y, L)’DZ .

TSUL)=TS{JI+PETAS(J, D) &D2

Z(1)=0.00001
TS(1)=0.09000 . oo
CA=TA(26) e

END

FUNCTION ER(D,I)

DIMENSION D(v,26)
XL=WAVELENGTH, METERS
TK=D(3,1) . .

c

C

——

XL=4.C £-5
=662 E-27

.C=24998 £ 8. .. . s e

P=1.38 £-16

e e etet e ER=(2,0%3.14]159%H% C**Z O)I(XL**S C*(&XP((H*C)/(XL*t*TK
———— e e 1))-1.9)) e e e i e e .

RETURNW
END

FUNCTICN BETAA(T,LD)
CIMENSIUN N(8,26)
PETAA=ARSORPITUN COEFFICI

RETURN
END

FUNCTION BETAS(I,D)
DIMENSION DI(8426)
PETAS=SGCATTERING COEFFIC!
LRETAS=0. 004 . ..
RETURN

END

BETAA=D0.C03%4 . _ . ...

ENTy L1/KV

ENT, 17KV

’ {



SURPQUTINE FOURC(D)
c COMPUTE=CURVES OF ATMOSPHERE PRCPERTIES
CIMENSION GRT(7)40(8926),YY(11),27(6C)

e OR=34,2 ——— —_

RI=344.3¢
204 NC=9

- 2C0 FORMAT (12). o o o e e e o

e NYEL i

_________________ T

C - —.READ lﬂ 1 RUw

205 £O 201 J=1,8
N3=5*j-4

_ N4=N3+4 . ' e —

201, READ(1,600, ERR=9G9)LZZ(L) s L= NI NGL. .o -
...... 6C0 . FORMAT (6Xo5C14a7). ° .

601, FORMAT. (21252Xs 2E144T93E Lok LGy 1Ks312)

N3=N3+5
N4=N3+]

v READUL, 601, [RR=GG9) TREGyMCNTH (ZZ (L) 4L=N3yN4) 4 YT,GRTI(6)y . .. . . ...

R AGRTUT) NP, MGR, KL, NU o
. GRT(5)=NGR . i
o GRTI(5)=GRIL5)/LGCOC.

pPNM=NDM
PMM=ALUG(PMM/100.0)

. N0 $4C J=2,7 e e e
e VEUI=T) 1113, 1111 1111 . I

. llll YY(1)1=Y7 C e et
—— Go.TO. 1112 _ .

1113 0N 2G2 K=1,NQ
N3=NC*:(J-2)

. 202 YYU(K)=2Z(N3+Wh) __ s . e
_C.COMPUTES 26. PTS IN J-TH. CCLUMN WATH_JK{J) .CCEFS. YY.AL). .. FCR. GRI(J).D(J.K

~-1112..00 300 K=1,2¢

L XKeR= T

TEELCI=-7)%(J=-6))NELO) GO TO 170

lF(K-?) 170,920,521
=920 ITLJJLSeT) DUTy6)=5CRTID(7,6)) e
w921 P(JoK) D(J OCI/EXPIGRT(JI*IAK=5.0)).
p—— A LT IR N A PRI A

“__1]Q“|r(XK Loglayeoatit 11l~.muww“,w"nmmni;:mwmeMMqumwmmMWuMWMNWU“mmm

CtIkK)=0.0
MX=NQ

e oo TFOIGEQW€) NX=6. . . R : I

e IF(J.EO 7) NX=1

- 80 L=1,NX ”f"“”WW”7TTTQLTfﬁffﬂﬂf?ﬁfﬂfﬁ:ﬁfiﬁffﬂf

.._,80 C(J K¥=DOJyR)«YY (L) SXKAR®(L=2)
GO TO 652
111 G 1)=YYL(1)

< o652 IF (J.ECe3) GO TO 653 . o e e e e e

~IF{J«LT5) GC TO 654

Sl K)/Exp(GRT(J)GXK) Ce e e s b oAb et 0 e e e

é54 i ta e e e See P .:;::;:fwmMwwMWManmmwmmm.m.m"“m,nn

171 LI K)I=D1JK)&%2
GO 70 300
653 C(JsKI=140/0(d4K)
300 COMTINUE
IFLJJNE3) GO TC S40
~--699.CC 655 1=1,26 .. __ : )

Cllel)=0.0
655 C(9,1)=0.0
DO 656 K=l,26 . S,
-XKaK~]1. .
28
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.. 658
657
656
940
. 422
~ —C ErD.

G694

e 20Ny 13771 1X9 SHLEVEL y 3Xy BHPRESSURE y 2X o SHVARIANCE y 2X s BHTEMP (K) 42Xy 8H
~3VARTANCE,1X, 104 . WATER. .. 10H. VARIANCE .., 10H .. DENSITY ,9H4 VARIANCE/
--“_m-_.___.ﬁ/) e — — R . e e e e
CO 744 K=1,26
N=K=-1.
SO Ta44 WRITCU3, 9677) Ne (GIL9K)oL=1,48)y (D{MyK)yM=6,48),0(5,K) et RS-
95G7 FUORMAT(16X,1243H . KMy2X,8F10,.2) e @ e o e st st et et v e e+ 20+ e e
999 RETURN. e e < e -
e END - e e e

CXH=L L el o e

DO 657 LELoNX o o oo oo

NE1,k)=0(1, K)*YY(L)* XK #4% L/YH
ClY oK) =EXP(PMM=GRAD(1,¥))

LRy KI=D{1,KIE¥RI/D(3,K) L

CONTINUE . e e e o e+ e e e :
CO746)=0UT,6)%%2 . et nen 2+ e et e e oo e 4 e+ o << et e
CaMPUTL. . - e e e e et e e e e e
hPlTF(B'QGQG)MONTH D(l 1) D(lpl),lQLG . '

FORMATUIHL, 43Xy 34HFOUR=-DIMENSTONAL ATMGSPHERIC MOREL//1TX, THMONTH

cme 1013 14X o LOGHLATITUGE =4F8.242Xy11FLONGITUCE =4F84242H £,12X46FREGI
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FIGURE 7

Establishment of Emission Point Sources in an Area

of Non-Uniform Intensity

L

(a) Emitting surface area. A, having non~uniform intensity. A = ) DA;

(b) Replacement of emitting surface area by ﬁoint sources. Iieff = IiAAi
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_INPUT DATA_

Sensor Altitude, h, (Figure 1). Vavelength, 1.

Sensor line-of-sight inclination with vertical, 6.

4-D Atmospheric model, based on sensor location and time of year

BgrBas scattering and absorptian coefficients, respectively, as functions
of eltitude z

Number of "disturbing” emitting sourves, NS

., distance of ith disturbing source from line of sight grourd! intercept

$3, rotatioral angle lecating ith disturbing source

Effective point scurce intensity of ith "disturbing" emitting area

"Target" and Background" surface intensities, at line of sight ground
intercept

‘
} _%ﬂ Tt DO WAPIRAQ 42 & rartn e reame -+ o

OQUTPUT

Intensity at sensor location, direction, and sense, assuming a non-scattering
atmosphere.

Intensity at sensor location, direction, and sense, assuming a purely scattering
atmosphere.

Contrast and Contrast Transmittance between "Target" and "Background",
assuming attenuation mode to be (i) purely scattering and (ii) non-

scattering.

FIGURE 8

INPUT AND OUTPUT DATA TOR COMPUTER PROGRAM
LISTED IN APPENDIX II
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